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Summary  The  present  phenomenon,  i.e.  enhancement  of  mass  transfer  coefﬁcient  in
liquid—liquid  extraction  operation  is  a  complex  one  and  it  cannot  be  reasoned  out  by  any  logic
based model,  so  it  is  ﬁnd  out  by  experimental  data  based  model.  The  present  investigation
is focused  on  the  behaviour  of  nanoﬂuid  in  the  liquid—liquid  extraction  process.  The  chemi-
cal system  of  toluene—acetic  acid—water  was  used,  and  nanoﬂuids  containing  0.1%,  0.2%  and
0.3% (V/V)  of  zinc  oxide  nanoparticles  of  size  48.79  nm  synthesised  by  chemical  precipitation
method.  Maximum  enhancements  in  the  rate  of  mass  transfer  of  were  achieved  using  about
0.3 wt%  zinc  oxide  based  nanoﬂuids;  however,  a  decreasing  variation  was  observed  at  higher
concentrations.  The  effect  of  nonionic  surfactants  Rokanol  K7  (500  ppm)  on  mass  transfer  of
the liquid—liquid  extraction  process  was  also  investigated  and  it  was  observed  that  the  mass
transfer coefﬁcient  increases  rapidly  with  surfactants  under  a  varying  speed  of  agitation  but
deteriorates  at  high  concentration.  The  formulation  of  approximate  generalised  experimental
data based  model  has  been  developed  followed  by  interpretation  and  the  quantitative  analysis
of the  model.  For  the  aim  of  modelling,  the  experimental  results  obtained  from  liquid—liquid
extraction  were  validated  with  mathematical  modelling  for  calculation  of  reliability  of  model.
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Indeed,  any  physical  phenomenon  is  a  time  being  pro-
cess  and  it  has  some  causes  and  effects  for  its  occurrence
(Schenck,  1967).  If  one  forms  the  quantitative  relation-
ship  between  these  causes  and  effects,  then  it  can  be
considered  as  mathematical  model.  However,  for  deciding
the  causes  and  effects  one  has  to  understand  the  physics
involved  in  the  phenomenon.  The  present  sections  throw
some  light  on  the  process  of  model  formulation,  interpreta-
tion  of  model,  quantitative  analysis  of  mathematical  model
and  reliability  of  the  model,  etc.  A  practical  model  for  mass-
transfer  coefﬁcient  accurately  predicted  the  rate  of  mass
transfer  over  a  wide  range  of  nanoparticle  concentrations.
A  fundamental  approach  is  attempted  in  this  research  to
determine  the  inﬂuence  of  zinc  oxide  nanoparticles  on  the
liquid—liquid  (Saien  and  Daliri,  2008)  extraction  process.
Nanoﬂuids  have  also  attracted  a  great  attention  in  recent
years  as  effective  working  ﬂuids  in  mass-transfer  enhance-
ment.  Liquid—liquid  extraction  processes  are  widely  used
in  different  industries  especially  in  rare  earth  metal  sep-
aration  and  hydrometallurgical  processes.  From  industrial
point  of  view,  an  extraction  column  of  high  performance
which  achieves  large  throughput  and  a  high  mass  transfer
rate  is  desirable.  Because  of  their  size,  nanoparticles  have
a  larger  surface  area  than  macro-sized  materials.  In  most
works  that  have  reported  mass-transfer  enhancement,  the
results  have  been  attributed  to  micro  convection  caused
by  Brownian  motion.  Previous  studies  show  that  the  chem-
ical  system  of  toluene—acetic  acid—water  was  used,  and
the  drops  were  organic  nanoﬂuids  containing  magnetite  or
alumina  nanoparticle  (Saien  and  Bamdadi,  2012).  In  this
paper  mathematical  model  was  developed  for  liquid—liquid
extraction  operation  by  using  dimensional  analysis.
Identiﬁcation of  variables
In  liquid—liquid  extraction  operation,  following  some  promi-
nent  variables  have  been  identiﬁed  (Table  1).
Experimentation procedure and data
generation
The  experimental  set  up  consists  of  a  Pyrex  glass  column
(10-cm  diameter  and  15-cm  height)  was  used  as  the  mixture
and  settler.  Formation  of  different  drop  sizes  was  provided
using  a  variety  of  glass  nozzles.  The  outside  diameter  of  the
nozzles  was  typically  about  0.4  mm.  First  prepare  a  aqueous
solution  sample  of  80—20%  acetic  acid  and  water.  Organic
t
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Table  1  List  of  independent/dependent  variables  of  extraction  c
S.  No.  Dependent/independent  variable  
1  Dependent  variable  
2  Independent  variable  
3  Independent  variable  
4 Independent  variable  
5  Independent  variable  
6  Independent  variable  
7  Independent  variable  665
hase  (toluene)  (Saien  and  Rezabeigy,  2011)  is  dispesed  in
o  other  in  the  form  of  small  droplets.  The  toluene  phase
anoﬂuid  (0.1%,  0.2%  and  0.3%  with  and  without  surfactant
okanol  K7)  was  held  in  a  glass  syringe  outside  the  column,
sing  an  adjustable  syringe  valve  and  ﬂowed  through  a  glass
ozzle  into  the  column  while  ﬁlled  with  aqueous  phase.
ufﬁcient  time  of  contact  should  be  provided  to  solution
n  the  mixture  of  about  50  r.p.m.  around  10  min  and  then
ixed  phases  are  seperated  in  the  settler  in  the  form  of
xtract  phase  and  rafﬁnate  phase.  Repeat  the  same  pro-
edure  at  different  concentration  of  aqueous  sample,  e.g.
0—30%,  60—40%,  50—50%,  40—60%,  30—70%  and  20—80%
ample.  Mass  transfer  coefﬁcient  can  be  enhanced  by  using
ifferent  speed  of  agitation  like  100,  200,  300  and  400  r.p.m.
igs.  1  and  2  show  mass  transfer  coefﬁcient  at  different
ontact  time  period  only  for  80—20  and  20—80  sample.
Solving  the  constant  values  a,  c  and  f  by  regression
Krishnamurthy  et  al.,  2006) methods,  we  get  following
odel  for  0.1%,  0.2%  and  0.3%  zinc  oxide  based  nanoﬂuids,
odel  becomes
(
Kc · l
DAB
)]
= 0.9779 ×
[(
n · l2
DAB
)]−0.4132[(
 · DAB

)]0.8221
×
[(
dp
l
)]0.8558
(3.1)
(
Kc · l
DAB
)]
= 0.9779 ×
[(
n · l2
DAB
)]−0.4532[(
 · DAB

)]0.8421
×
[(
dp
l
)]0.8756
(3.2)
(
Kc · l
DAB
)]
= 0.9779 ×
[(
n · l2
DAB
)]−0.4762[(
 · DAB

)]0.8652
×
[(
dp
l
)]0.8922
(3.3)
nterpretation of model
qs.  (3.1)—(3.3)  are  established  based  on  experimental  data
arried  out  during  experimentation.  It  indicates  that  3
erm,  which  relates  to  geometrical  parameters  of  experi-
ental  set-up,  has  highest  inﬂuence  as  0.8558  on  effect,
.e.  mass  transfer  coefﬁcient,  whilst,  the  least  inﬂuence  is
een  for  1 as  −0.4132,  which  relates  to  speed  of  r.p.m.  of
olumn  using  nanoﬂuids.
Name  of  variable  MLT  form
Mass  transfer  coeff.  (Kc)  L  −1
Speed  of  agitation  (n)  −1
Film  thickness  (l)  L
Density  of  nanoﬂuid  ()  M  L−3
Viscosity  of  nanoﬂuid  ()  M  L−1 −1
Diffusivity  (DAB)  L2 −1
Particle  size  (dp)  L
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Figure  1  Mass  transfer  coefﬁcient  of  liquid—liquid  extraction  using  ZnO  nanoﬂuids  (80—20%  acetic  acid—water  mixture).
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Schenck Jr., H., 1967. Theories of Engineering Experimentation, ﬁrstConc. of nanofluids , gm
igure  2  Mass  transfer  coefﬁcient  of  liquid—liquid  extraction
xperimental  set-up.  The  2 relates  to  diffusivity  properties
as  moderate  inﬂuence  as  0.8221  respectively  on  the  effect.
eliability of model
he  reliability  term  is  appertaining  to  the  chance  of  failure.
ndeed  reliability  is  an  indicator  to  show  the  performance
f  model.  For  the  present  case  the  reliability  of  model  is
valuated  as  under.  With  reference  to  model,  the  known
alues  of  independent    terms  (Fang  et  al.,  2009)  have
een  submitted  in  the  model  and  thus  obtained  the  required
ependent  variable;  generally  it  is  called  as  calculated  val-
es  of  dependent  variables.  Reliability  of  the  model  can  be
alculated  as  (Xuan,  2009)
eliability  =  1  −  Mean  square  error
ean  square  error  =
n∑
i=1
(MTC,cal  −  MTC,obs)2
here  MTC,cal  is  the  mass  transfer  coefﬁcient  based  on
alculated  value  (model  value)  and  MTC,obs  is  the  mass
ransfer  coefﬁcient  based  on  observed  value  (experimental
alue).
As  the  enhancement  of  mass  transfer  coefﬁcient  is
ighest  at  0.3%,  reliability  of  model  has  the  increasing  per-
ormance  so  it  indicates  that  experimental  results  were
atisfactory  validated  with  modelling  results.
onclusionith  the  used  of  nanoparticle  in  many  processes,  atten-
ion  has  been  focused  on  the  improvement  of  liquid—liquid
xtraction  efﬁciency  by  adding  solid  particles  to  mass  trans-
er  ﬂuids.  In  this  mathematical  model,  it  is  seen  that  the
Xg  ZnO  nanoﬂuids  (20—80%  acetic  acid—water  mixture).
ariables  related  to  geometrical  parameters  has  a  highest
nﬂuence  and  the  speed  of  r.p.m.  has  less  inﬂuence  on  mass
ransfer  coefﬁcient.  The  quantitative  analysis  of  the  mod-
ls  gives  some  important  conclusions  that  the  reliability
f  mathematical  model  for  0.1%,  0.2%  and  0.3%  zinc  oxide
ased  nanoﬂuids  are  obtained  as  88.12%,  91.55%  and  93.46%
espectively,  which  shows  its  indicator  of  performance.  This
s  because  it  is  an  approximate  Model.
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